Abstract -Concentrator photovoltaic technologies (CPV) have long been regarded as the obvious way to increase the solar power collection efficiency but the use of bulky two axes tracking systems has been proven to be a fatal handicap for both economic and technical reasons. On the other hand, the continuous development of multijunction high efficiency solar cells encourages the research of novel CPV architectures that can leverage the new cells potential. Here we present a study on the solar energy collection of an ideal hybrid two axes micro-tracking system suitable for rooftop installations. In this study, we analyze in detail the optimal installation angle in relation to the latitude and the partial shading effect on modules of the same solar panel. The study is focused on optimizing the average collection efficiency over the astronomical year period as opposed to maximize the collection on any given day of the year. Additionally, we conducted a techno-economic analysis of the hybrid In-Plane Micro Tracker, using "Bottom-Up" methodology for determining the cost of the micro-tracking concept where the materials, assembly, utilities, maintenance costs are included for each step of the manufacturing process.
I. INTRODUCTION
Today's solar energy technologies are advancing at a very sustained pace making the solar generation one of the most important sources in the renewable mix.
Silicon based solar panels have become more and more efficient but their performance growth is reaching a plateau. Other solar cell technologies based on III-V elements are definitely more efficient and have also a much higher growth potential but have also a much higher price tag. Some other novel technologies have also shown a very high growth potential even though the efficiency demonstrated is still lower than the silicon cells. Given this landscape the concentrating photovoltaic technologies are today a very much needed but absent player. Almost all the attempts to install meaningful CPV systems have failed for both economic and technical reasons. Nonetheless these technologies are needed to leverage the potential of the high efficiency III-V elements solar cells.
Here we present a novel CPV solar panel structure suited for rooftop as well as solar fields installations. Obviously, all the solar tracking systems (macro-trackers as well as microtrackers like this one proposed) have inherent challenges related to the geometric factors involved. In this paper, we will analyze the structure of an ideal tilt-and-roll micro-tracker system with hybrid collectors and the issues related to the installation of an array of such panels.
II. THE HYBRID TILT-AND-ROLL MICRO-TRACKER
The hybrid tilt-and-roll micro-tracker system, shown in Fig. 1 , is a system combining a diffuse light collector (a silicon PV cell), with a DNI (Direct Normal Incidence) collector using high efficiency micro-PV cells illuminated through a lens array.
Compared with a pure DNI collector system, the hybrid system not only fully utilizes the "spare" space at the four corners of the DNI collector system, but also provides an extra efficiency boost to the DNI collector system by collecting diffuse light around the micro-PV cells. In addition, a hybrid system is more weather robust: when the sun is blocked by clouds, a pure CPV collector has a very low electricity output. With diffuse collectors incorporated, electricity can still be generated in a cloudy day. Fig. 1 . The layout of a tilt-and-roll micro-tracker system. Details of two hybrid system configurations (a close-up view in the green box area) are illustrated in Fig. 2 and Fig. 3 , separately. Here we propose two configurations (a) and (b) for the hybrid system (see Fig. 2 and Fig. 3 ). Configuration (a) is easier to fabricate but certainly less effective because of the Fresnel losses at the glass interface. In this case, the silicon PV cell also acts as thermal mitigation media for the micro-CPV cells. Configuration (b) adds an additional through-hole fabrication step, however, it is more efficient. Also, it is conceivable that the Si cell can also act as the carrier for the CPV cells. In this case the hole size on Si would be very small and there will be no need for the glass carrier for the CPV cells that introduces reflection losses.
III. THE INSTALLATION ANGLE PROBLEM
The solar panel construction has been specifically studied to permit an easy rooftop installation: The overall dimensions and the weight can be made similar to actual silicon based panels. In most cases, silicon panels are installed on racking directly mounted on roofs regardless of the actual roof angle and exact southward exposure with just modest loss in efficiency. Silicon panels can harvest equally DNI irradiance and Diffuse irradiance giving the installer ample freedom in the installation angles. Unfortunately, CPV systems are not so forgiving because they can only harvest DNI. Even though we propose a Hybrid system (CPV + diffuse collectors) we still need to orient it in order to optimize the CPV collection.
The tracking system will generally follow the sun up to the mechanical limits (the angular travel ranges for the two axes) so it becomes important to mount the panel in a position that maximizes the exposure to DNI integrated over the full astronomical year. The tracking angles can be derived as a function of time once the installation angles are fixed (see [1] )
Fig. 4. Solar panel angles
With pure symmetry arguments, we can easily demonstrate that the panel must face South if the average irradiance during the day is considered symmetrical in respect to the astronomical mid-day (noon if there is no daylight-saving adjustment). In this case only the angle ³ ³ must be optimized for the installation latitude. To properly optimize the installation angles, we need to take into consideration another important factor: the individual modules can rotate about H to follow the sun elevation and 978-1-5386-8529-7/18/$31.00 ©2018 IEEEremain normal to the sun irradiation but the panel itself is protected by a cover-glass which is stationary and will have fixed angles ³;3;¸ with the Zenith. The cover glass will introduce additional losses due to Fresnel reflections. To take into account these losses, we will use the transmission function T avg (#)
T avg (#) for a generic glass material with n=1.5 Depending on the day of the year and the latitude, the sun may span an angle larger than 180 o between dawn and sunset spending considerable amount of time at large azimuth angles during relatively high irradiance hours. Increasing the mounting angle ³ ³ will adversely affect the overall collection capacity during the early and late hours of the summer days. At the same time, tilting the panel improves the collection efficiency during the sunny hours particularly in winter. For this reason, it is well known that the optimal position for stationary panels is at latitude but we still need to demonstrate the same for tilt-and-roll micro-trackers.
IV. MODULE CHARACTERIZATION
The solar cells in a module are organized in three separate strings of 20 cells connected in series. The tree strings can be characterized independently. We measured the performances (efficiency) of our modules under various conditions of solar irradiance and partial shading and built a database of IV curves to characterize the module behavior.
The efficiency of a CPV string efficiency is a non-linear function of the irradiance (DNI): at high levels of DNI the efficiency is somewhat constant but then drops rather quickly. The efficiency is a function of several variables including DNI, shading levels, spectrum, temperature, etc... As a first approximation, here we only consider the shading levels and the DNI dependency and we assume that the two variables are independent:
can be calculated using the measurement in Fig. 8 and fitting the data with a proper curve: we used a Hill function.
V. PARTIAL SHADING When tracking, the CPV modules are oriented normal to the sun but they are always partially shaded by other modules (see Fig. 9 ) except when # = 0. Here # is the angle of the sun with the normal to the panel base which also corresponds to the rotation angle of the CPV modules. Fig. 10 .simplified geometry of the altitude axis Simplifying the geometry (Fig. 10) of the system, we can easily determine the amount of shading:
Each CPV module contains three independent strings of solar cells connected in series so the shading of each string is:
Where
Th is the classic double threshold function.
This kind of shading is unavoidable but can be mitigated by mounting the panel at an angle ³ > 0 ³ > 0. Even though the partial shading doesn't reduce the overall irradiance on the panel (given that the panel is basically flat and the cos(-) losses are unavoidable), it is important to recognize that partial shading has implications on the cell quantum efficiency as well as the electrical conversion efficiency.
When each row starts to be shaded by the module in front, the irradiance of the solar cells is reduced which is equivalent to a reduction in then concentration factor of the optics (only part of the lenses are illuminated).
Given the geometry of our system and the obvious partial shading the solar cell strings will undergo during normal operations, we recognize that each string can be connected directly in parallel with other strings in the same position on other modules but it is also important to understand which interconnection strategy is best between the strings on each module.
We used the efficiency data measured for a single CPV line under different shading conditions to extrapolate the behavior of the three possible interconnections according to Fig. 11 .
Without considering the losses introduced by the optimizer electronics, connection (a) is the most efficient because each single CPV string can be optimized independently. For this reason, connection (a) has been used as reference to evaluate the other connections. In the case of configuration (b), the CPV string becomes a load for other strings when it is more than 95% shaded. It is interesting to note how the efficiency loss compared to configuration (a) changes slope when shading the second and the third string. The difference in efficiency remains mostly under 1%. Configuration (c) is slightly more efficient but only for shading>66%. We also measured experimentally the efficiency of two parallel connected CPV strings (without blocking diodes) when a blade is moving in front of the module partially obstructing light. The total measured efficiency (considering the full area, not just the illuminated aperture) is practically linear with the shading and in very good accordance with the expected one. The best metric to evaluate a solar panel solution is calculating the total energy collected for a specific location and installation angles during an entire year, not at any particular time or day. This is true for both fixed and tracking installations. To do this we should use weather data averaged with fine granularity (by the minute if possible) over may years.
Unfortunately, we were only able to get data with one-hour granularity and only for few years. The weather data are from NREL for Norwood (MA), latitude=42. E b (t) as the irradiance function obtained averaging the DNI data (E b E b ) for the same hour of the day over all the available years N multiplied by the optical transmission of the cover glass (the irradiance transmitted through the cover glass):
The total energy harvested by the panel in a year as a function of the installation angles is:
Assuming the panel is installed southward (¸= 0 = 0 ), we demonstrate that the energy harvested per m 2 as a function of ³ ³ has a maximum for ³ ¼ © ³ ¼ © (latitude). On average during the year, the irradiance is slightly stronger during the morning ours so it is beneficial to turn the installation slightly eastward. According to our analysys, the optimal orientation is about Mounting the panel at the optimal orientation instead of the typical southward/latitude orientation results in a net gain of just 1.7% in collected energy during an entire year. As shown in Fig. 16 , the energy collection is rather insensitive to the installation orientation within a wide angular range around the optimal installation position. This characteristic allows for higher flexibility in practical installations.
VII. TECHNO-ECONOMIC ANALYSIS
We approach the cost modeling for our "Tilt-and-Roll" micro-tracking concept using same methodology as the analysis 978-1-5386-8529-7/18/$31.00 ©2018 IEEEcarried out at NREL [2] and at Sandia National Laboratories [3] . The overall cost modeling framework consists of modular components representing the solar cells, optics, and BOS (balance of the system, including installation). "Bottom-Up" methodology was used to evaluate the cost of component, where the materials, assembly, utilities, maintenance costs are included for each step of the manufacturing process. The sum of these components represents the total installed system cost, which together with operation and maintenance costs is utilized in the calculation of the "Levelized Cost of Electricity" (LCOE) generated by the system. LCOE is given by the net present value of the unit-cost of electricity over the lifetime of a generating asset. Input data is sourced from multiple material suppliers and equipment vendors. To calculate the BOS (Balance of the System) we incorporate the tracker (mounted unto the rotating plate). For tracker cost calculations, we include two low power stepper motors and a controller chipset. In high volumes (>10,000) we project motor and chipset costs of $5 and $2, respectively.
The LCOE of renewable energy technologies varies by technology, country and project based on the renewable energy resource, capital and operating costs, and the efficiency/performance of the technology. The approach used in the analysis presented here is based on a discounted cash flow (DCF) analysis. This method of calculating the cost of renewable energy technologies is based on discounting financial flows (annual, quarterly or monthly) to a common basis, taking into consideration the time value of money. Given the capital-intensive nature of solar power generation technologies the weighted average cost of capital (WACC), often also referred to as the discount rate, used to evaluate the project, has a critical impact on the LCOE [3] . The LCOE calculation were carried out for a residential installation, with the system size P=7.0kW in a high-DNI location such as Las Vegas (TMY3). The following insolation parameters are used in our calculations: DNI= 7.14 kWh/m 2 /day DHI = 1.51 kWh/m 2 /day GHI = 5.69 kWh/m 2 /day Assuming 30% solar conversion efficiency for our "tilt-androll" CPV modules and 98% inverter efficiency, the computed LCOE is $0.083/kWh.
VIII. CONCLUSIONS
With this work, we want to present the maximum expected energy collection of an ideal tilt-and-roll two axes tracker. We derived the optimum installation angles considering the intermodule cast shadows and the Fresnel losses from the cover glass. We developed a methodology to evaluate the performances and optimize parameters based on the total energy collected in an average year. We also conducted a preliminary TEA to assess the economic feasibility of such panels.
